The study proposed a temperature sensor based on distilled water cladding of the coupling region in the loop-fiber coupler, which was formed by folding a single-mode fiber, melting the taper region with an H 2 flame, and using two adjacent fibers to obtain the interference in the coupling. Based on thermo-optical effect response and coupling interference principle, with increasing ambient temperature, the refractive index of the distilled water decreased, and the interference spectrum drifted. The experiment explored the relationship between different lengths of taper region and interference spectrum. When the taper region length was 30-35 mm, the interference spectrum improved. Results showed that the maximum sensitivity of the sensor was 151.35 pm/°C and linearity reached 99.99% when the temperature was within the range of 35°C to 60°C. Furthermore, we propose a low-cost demodulation scheme. The sensor had high sensitivity, good linearity, good stability, fast response, simple manufacturing process, and low cost. It has potential application value.
Introduction
Temperature is an important reference quantity in fields, such as marine environment monitoring, biopharmaceutical industry, food detection, medicine, and chemical industry [1] , [2] . The fiber temperature sensor has progressed considerably in recent years due to its advantages of small size, light weight, high sensitivity, corrosion resistance, and intrinsic safety [3] - [7] . The current fiber temperature sensors are divided into fiber Bragg grating (FBG) [8] , [9] and Mach-Zehnder interferometric (MZI) [10] , [11] , Fabry-Perot interferometric (FPI) [12] , [13] , distributed [14] , according to the structure type, and is divided into side-polished [15] , [16] , and coating [17] , according to the processing technology. The classical FBG utilizes the difference in thermal expansion coefficients between the fiber core and cladding temperature sensing, but its sensor has low temperature sensitivity due to minimal differences. Thus, researchers always adopt temperature sensitivity enhancement technology to improve sensitivity. Ju S et al. [18] reported that temperature sensitivity reached 17.3 pm/°C when the FBG in fiber was fabricated to sense temperature by using the large thermal expansion coefficient of the PbO-GeO 2 -SiO 2 glass fiber. Feng Y et al. [19] reported that the FBGs coated with Cu-Ni and monolayer metal obtained the maximum temperature sensitivity of 22.4 pm/°C when temperature sensitivity of the sensor was improved by using the metal material coating on the FBG and researching the function of the FBG coated with Ni-Cu. Although sensitivity of the FBG temperature sensor improved slightly after sensitizing, manufacturing process became complex, and production cost increased because of the use of the special fiber. The manufacturing process of the classical transmitting MZI temperature sensor was simple and could directly test the temperature, but sensitivity was generally low [20] . Yi Li et al. proposed a dual-channel fiber taper MZI temperature sensor and fabricated two small taper regions on a fiber to form the MZI, which was coated with a reflective gold film on the right end-face of the second taper region to function as a dual-channel reflective temperature sensor. After testing, the result showed that sensitivity of the single-and dual-channel sensors was 201.9 and 382.7 dBm/°C, respectively [21] . The coating on the fiber end-face efficiently improved sensor sensitivity but also increased the difficulty and cost of the manufacturing process. The reflective FPI temperature sensor could operate in harsh and narrow environment with high flexibility; however, it always had low sensitivity. For example, Wei Peng et al. [22] reported an FPI based on the twin-core photonic crystal fiber to test the temperature. A single-mode fiber was welded to a 164 μm twin-core photonic crystal fiber, wherein the welding face of both fibers was the first reflector, the end-face of the twin-core photonic crystal fiber was the second reflector, and the two reflectors formed an FP cavity. On the basis of the thermal expansion effect of the fiber, the change in ambient temperature caused the length of the FP cavity to also change and realize temperature sensing. When the temperature was 40°C to 480°C, sensor sensitivity was 13 pm/°C [23] . The distributed fiber temperature sensor has the advantage of wild-range detection and can be applied in oil drilling, temperature detection in abysmal sea, and other fields; however, a single point must be measured due to its low sensitivity and low accuracy in certain situations [24] , [25] . Although the coating fiber temperature sensor could improve sensor sensitivity, it needs expensive coating equipment.
In this study, the fiber temperature sensor introduced was made of single-mode micro-nanofiber coupler and inexpensive material that assures not only the simple manufacturing process but also achieves high temperature sensitivity. On the basis of the thermo-optical effect, distilled water could transform the change of ambient environmental temperature into the change of refractive index when the micro-nanofiber coupler was cladded with distilled water, and the output spectrum could show the change in the spectrum. The change in temperature could be inverted based on the change in spectrum to realize temperature sensing. The micro-nanofiber sealed in the steel pipe improved the mechanical properties of the sensor. The proposed sensor exhibited high sensitivity, good robustness, simple manufacturing process, good repetitiveness, low cost, and good application prospects in temperature detection under harsh environment.
Equipment and Principle of the Experiment

Manufacturing Method
Fold a piece of single-mode fiber(model:G652D) in half. The coating(about 2 cm in length) is peeled off on the single-mode fiber about 15 cm away from the loop-fiber(as shown in Fig. 1 ), and wiped clean with an alcohol-stained dust-free paper. The fiber was placed in the fiber channel of the tapered platform and knotted(rotated 180°). The parameters of the fiber taper machine (IPCS-5000-SMT type) were as follows: (1) Speed parameters: taper region length 1 and speed 1 were 10.00 mm and 0.090 mm/s, respectively; taper region length 2 and speed 2 were 12.00 mm and 0.200 mm/s, respectively. (2) Hydrogen flow parameters: taper region length 1 and hydrogen flow 1 were 1.00 mm and 158.00, respectively; taper region length 2 and hydrogen flow 2 were 4.00 mm and 100.00, respectively; taper region length 3 and hydrogen flow 3 were 6.00 mm and 120.00, respectively. The required taper region length was set, hydrogen was ignited, and the fiber taper machine was started. Fig. 1(a) shows the loop-fiber structure after tapering. Fig. 1(b) presents that the coupling region of the sensor manufactured in the experiment is 35 mm with a diameter of 4.35 μm. Considering that the steel tube has excellent mechanical strength and thermal conductivity,the taper region is sealed in a steel pipe, distilled water fills the steel pipe, and the two ends of the steel pipe are sealed by UV glue, as show in Fig. 1 (c).
Sensing Principle
The taper region diameter of the sensor is 4.35 μm (Micro-nano size). Since the core-to-clad diameter ratio of the single-mode fiber used is 9/125, it can be approximated that the taper region is composed only of cladding medium. Fig. 2 shows that the coupling region of microfiber consists of strong coupling region and weak coupling region [26] .
The strong coupling coefficient and the weak coupling coefficient was expressed as [26] , [27] C SC = 3πλ 32r 2 n 2
Where, V = 2πr λ n 2 2 − n 2 3 represents the normalized frequency, = (n 2 2 − n 2 3 )/2n 2 2 refer to the relative refractive index difference, n 2 denotes the refractive index of fiber cladding, n 3 refers to the refractive index of ambient environment, r is the radius of the microfiber in the coupling region, D is defined as D = d/2r to describe the fusion degree, where d is the inter-core distance, and λ is the wavelength of incident light. The eigenvalue U ∞ = 2.405 when the fundamental core mode is far from cut-off region.
Integration of the strong coupling coefficient and the weak coupling coefficient along the Z-axis in the coupling region could determine the phase difference between the through-arm (fiber that the incident ray passes) and coupling-arm (fiber that the incident ray couples) and expressed as follows [28] :
The expression of the normalized power of output port was defined as follows [28] :
Equations (3) and (4) show that the coupling length of the manufactured sensor and the diameter of the microfiber are invariable, and when the light source is invariable, the wavelength λ is also a fixed value. Thus, the output power was only relevant to the refractive index of ambient environment n 3 . The interference spectrum drifted with the change in ambient environment refractive index n 3 . It is worth mentioning that because the diameter of the loop-fiber we use is about 10 cm, the bending loss can be neglected.
According to Equations (3) and (4), the relationship between the wave dip of interference spectrum and the refractive index of ambient environment was defined as follows [29] :
In the coupling region of the loop-fiber structure manufactured in the experiment, the strong coupling played an important role. When ∂λ ∂n 3 > 0, the wave dip of the interference spectrum was a red shift with an increase in the refractive index of ambient environment. Fig. 3 presents that the sensor is cladded by distilled water, and the refractive water of distilled water reduces when the temperature increases, thereby resulting in the blue shift of the interference spectrum [30] . The change in ambient environmental temperature could be inverted based on the wavelength of interference spectrum to realize temperature sensing.
Spectrum Characteristics of Various Taper Region Lengths
The principle of the sensor was based on the coupled interference of micro-nanofibers. For the interferometric sensor, the quality of the interference spectrum remarkably affects the demodulation of the sensor. Thus, exploring the spectrum characteristics of various taper region lengths was an important step in the manufacture of the sensor. The interference spectrum period is expressed as
Where, n ef f = n ef f 2 − n ef f 3 is the difference of effective refractive index between fiber and ambient environment, L is the length of the coupling interference region. After a large number of repeated experiments, the interference spectrum was obtained within the range of 25-40 mm. Fig. 4 illustrates that the increasing taper region length increases the number of interference peaks, decreases the extinction ratio, and decreases the period, it is consistent with theoretical analysis. The interference spectrum was better when the taper region length was 30-35 mm. Fig. 5 shows the experimental device of high-sensitivity loop-fiber temperature sensor based on distilled water cladding. The two ends of the manufactured sensor were connected to the broadband light source and spectrum analyzer. The sensor was immersed in the sample cell, the temperature of water in the sample cell was changed via water bath method, and the change in transmission spectrum was observed. Data were recorded and analyzed.
Experimental Device
Experiment and Analysis
As shown in Fig. 6 , when the length of taper is 30 mm, the wavelength of interference spectrum increased with the increase of the refractive index from 1.342 to 1.347, and the spectral line showed a red shift interference. Fig. 7 illustrates the relationship between wavelength and refractive index. The refractive index sensitivity of the sensor is 1957.71 nm/RIU, and linearity is 98.90%. Fig. 8 shows the spectra with the change in temperature within 35°C to 60°C. The wavelength of interference spectrum was reduced with the increase in temperature, and the spectrum line was a blue shift. Fig. 9 presents the enlarged figure of dip 2 in Fig. 8 that clearly shows the blue shift of the spectrum line with the increase in temperature. Fig. 10 shows the relationship between the temperature in the range of 35 deg; C to 60°C and its wavelength. We utilized six groups of the temperature and wavelength data in the experiment. We then applied the linear fit on the six groups of data. The following results were obtained: sensitivity and linearity of dip 1 were −144.49 pm/°C and 99.95%, respectively; sensitivity and linearity of dip 2 were −136.7 pm/°C and 99.98%, respectively; sensitivity and linearity of dip 3 were −151.35 pm/°C and 99.99%, respectively. The sensitivity difference of Dip1-Dip3 is caused by Fig. 10 , and the sensor has good repeatability.
The spectrometers in today's market are expensive, and it is inconvenient to use spectrometer as demodulation system. A practical low-cost demodulation scheme is proposed. The single wavelength light source is used to convert the drift of interference spectrum wavelength into the change of light intensity, and photodiode is used to convert the light signal into electrical signal which is fed into the circuit system (the circuit system includes a amplifier circuit, shaping circuit and filtering circuit) for optimization. The optimized electrical signal is collected by the data acquisition card into the computer, and a monitoring interface is created to realize visual real-time monitoring, as shown in Fig. 11 .
As shown in Fig. 12 , a point (wavelength 1567 nm) was selected on the rising edge to obtain six different light intensity points corresponding to the same wavelength, representing six different temperature values. The transmitted light intensity increases with increasing temperature value, and the relationship between temperature and light intensity is shown in Fig. 13 . The sensor sensitivity is 0.311 dBm/°C, and the linearity is 99.825%. Under this linear conditions, singlewavelength is selected as the light source of the sensing device, and the corresponding light intensity values under different temperature environments are measured by photodiode. Through photoelectric conversion, the light intensity changes are converted into voltage changes, and real-time visualization of monitoring can be realized after the monitoring interface is created. We provide a new method for the promotion and application of sensors.
Conclusion
This study proposed a high-sensitivity loop-fiber temperature sensor based on distilled water cladding and explored the spectrum characteristics of various taper region lengths. Many experiments proved that the taper region length in the range of 25 mm-40 mm displayed interference spectrum. With the increase in taper region length, the number of interference peaks increased, extinction ratio was reduced, and the period decreased. When the taper region length was in range of 30-35 mm, the interference spectrum was good. Theoretically, the long taper region length reduces the fiber diameter, strengthens the evanescent field, and improves the sensitivity for temperature detection. By considering many factors, the most suitable taper region length was 35 mm. In the experiment, a loop-fiber structure with the taper region length of 35 mm was fabricated, and the sensor was cladded with distilled water. The distilled water could transform the ambient environmental temperature into the refractive index, which could be used for real-time online monitoring of ambient environmental temperature. Experimental data showed the following: when the loop-fiber temperature sensor was in the range of 35°C to 60°C, the maximum sensitivity of the sensor was 151.35 pm/°C and linearity was 99.99%. We propose a low-cost demodulation scheme with a sensor sensitivity of 0.311 dBm/°C and a linear fit of 99.825% at the wavelength of 1567 nm. The sensor demonstrated high sensitivity, fast response, good linearity, low cost, and simple manufacturing process. The sensor also exhibited certain application prospects in the fields of food detection, biological pharmacy, and marine environment monitoring.
